A program including all radiative corrections to the Minimal Supersymmetric Standard Model (MSSM) at the same level as the radiative corrections to the Standard Model (SM) has been developed and used to perform global fits to all electroweak data from LEP, SLC and the Tevatron and the radiative b → sγ decay from CLEO. Values of the strong coupling constant at the M Z scale and sin 2 θ M S are derived, both in the SM and MSSM. Recent updates on electroweak data, which have been presented at the Warsaw Conference in summer 1996, reduce the too high branching ratio of the Z 0 boson into b-quarks in the SM from a 3.2σ to a 1.8σ effect. In addition, the b → sγ decay is 30% below the SM prediction. In the MSSM light stops and light charginos increase R b and decrease the b → sγ rate, so both observations can be brought into agreement with the MSSM for the same region of parameter space. However, the resulting χ 2 value for the MSSM fits is only marginally lower and in addition, the splitting in the stop sector has to be unnaturally high. 
Introduction
Supersymmetry presupposes a symmetry between fermions and bosons, which can be implemented in the Standard Model (SM) by introducing a fermion for each boson and vice versa [1] . In this case the problem of quadratic divergent radiative corrections to the Higgs boson masses is solved, since fermions and bosons contribute with an opposite sign to the loop corrections. These new supersymmetric particles ("sparticles") contribute additionally to the radiative corrections and can influence electroweak precison variables, like e.g. R b = Γ Z 0 →bb /Γ Z 0 →hadrons or the penguin mediated decay b → sγ. Radiative corrections have been calculated in the Minimal Supersymmetric Standard Model (MSSM) to nearly the same level as in the SM, so an equivalent analysis of all electroweak data can be performed both in the SM and MSSM. In this paper such analysis are described using data from Tevatron [2, 3] , LEP and SLC [4, 5] , the measurement of R b→sγ = BR(b→sγ) BR (b→ceν) from CLEO [6] and limits on the masses of supersymmetric particles [7, 8, 9, 10, 11] . For the SM predictions the ZFITTER program [12] was used, while for the MSSM predictions the SUSYFITTER program [13] , which will be discussed below, was used. In both cases MINUIT [14] was used as χ 2 minimizer in order to obtain the optimum parameter values. For all SUSY masses well above the electroweak scale one does not expect significant differences between the SM and the MSSM predictions.
Previous LEP data [5] showed a too high value of R b (3.2σ) and a too low value of R c (2σ). It has been shown by several groups [15] - [23] that it is possible to increase R b in the MSSM with light charginos, top squarks or Higgses, which yield large positive contributions to the Zbb vertex because of the large Yukawa couplings of the third generation. The first two generations are not affected by such corrections, so no modifications in R c can be obtained. Recent updates of electroweak data, presented at the Warsaw Conference [4] , show no deviation of R c anymore and a value of R b which is 1.8σ above the SM value. In addition, the experimental value for R b→sγ = BR(b→sγ) BR (b→ceν) from CLEO [6] equals (2.32±0.67)·10 −4 , which is about 30% below the SM prediction after taking the ca. 10% increase in the prediction by the next-to-leading-log contributions into account [24] .
In the MSSM an increase in R b can cause a decrease in the b → sγ rate, since both cases involve similar diagrams usually with an opposite sign, e.g. thet −t − χ ± vertex corrections in Z 0 → bb and thet − χ ± loop corrections in b → sγ have an opposite sign. Both, the too high value of R b and the too low value of b → sγ prefer a chargino mass around 90 GeV and a stop mass around 50 GeV or alternatively light Higgses around 50 GeV, so both observations agree with the MSSM for the same region of parameter space, albeit an unnatural one, as will be shown. 
5
The non-universal contributions can be written in the following way:
The Standard Model form factors F SM V,A corresponding to the diagrams of figs. 1 and 2 can be found e.g in refs. [30, 27] . The diagrams with a virtual photon are listed for completeness in the figures. They are not part of the effective weak couplings but are treated separately in the QED corrections, together with real photon bremsstrahlung. The non-standard contributions are summarized by
where the sum extends over the diagrams of fig. 1 with internal charged and neutral Higgs bosons, charginos, neutralinos and scalar fermions. Each diagram contributes
to the Zf f -vertex. The self-energy diagrams of fig. 2 with internal neutral Higgs, chargino, neutralino and sfermion lines determine the field renormalization constants
with the scalar functions Σ V,A,S in the decomposition of the fermion self-energy according to
The contributions from the Higgs sector are given explicitly in ref. [31] . For the genuine SUSY diagrams, the couplings for charginos, neutralinos and sfermions are taken from [32] , together with the diagonalization matrices given in the next section.
The universal propagator corrections from the finite Z boson wave function renormalization Z Z and the γZ mixing Z M are derived from the (γ, Z) propagator matrix. The inverse matrix is:
whereΣ γ ,Σ Z ,Σ γZ are the renormalized self energies and mixing. They are obtained by summing the loop diagrams, shown symbolically in fig. 3 , and the counter terms and can be found in ref. [13] . The entries in the (γ, Z) propagator matrix:
6 are given by:
The renormalization condition to define the mass of the Z boson is given by the pole of the propagator matrix (eq. 6). The pole
Z is the solution of the equation:
Eq. (8) yields the wave function renormalization Z Z and mixing Z M :
Z boson observables
The fermionic Z boson partial decay widths Γ ff can be written as follows:
where
2) f = b:
In ∆Γ bb the b quark specific finite mass terms with QCD corrections [29] are included. δ b QCD is given in eq. (12).
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The total decay width Γ Z is the sum of the contributions from leptons and quarks:
In the following Γ had = q Γis the hadronic decay width of the Z boson.
The hadronic peak cross section is defined as
The ratio of the hadronic to the electronic decay width is defined as
The ratio of the partial decay width for Z → bb (cc) to the total hadronic decay width is given by
The following quantities and observables depend on the ratio of the vector to axial vector coupling. The effective flavour dependent weak mixing angle can be written as
The left-right asymmetries are given by
while the forward-backward asymmetries can be written as
3 The MSSM
Higgs sector
The MSSM has two Higgs doublets: Their masses are completely determined by the ratio of the vacuum expectation values of tan β = v 2 /v 1 and the pseudoscalar mass M A , together with the radiative corrections. The latter ones are taken into account in terms of the effective potential approximation with the leading terms ∼ m 4 t , including the mixing in the scalar top system [33] . In this way, the coupling constants of the various Higgs particles to gauge bosons and fermions can be taken over from [32] substituting only the scalar mixing angle α by the improved effective mixing angle which is obtained from the diagonalization of the scalar mass matrix, discussed in the next section.
Sfermion sector
The physical masses of squarks and sleptons are given by the eigenvalues of the 2 × 2 mass matrix:
with SUSY soft breaking parameters MQ, MŨ , MD, A f , and the mass parameter µ from the Higgs sector [1] . It is convenient to use the following notation for the off-diagonal entries in eq. (23):
Scalar neutrinos appear only as left-handed mass eigenstates. Up and down type sfermions in (23) are distinguished by setting f = u (d) and select cot β (tan β) in the curly brackets.
Since the non-diagonal terms are proportional to m f , it seems natural to assume unmixed sfermions for the lepton and quark case except for the scalar top sector. Thet mass matrix is diagonalized by a rotation matrix with a mixing angle Φ mix . Instead of MQ, MŨ , MD, A A possible mass splitting betweenb L -t L yields a contribution to the ρ-parameter 6 ρ = 1 + ∆ρ 0 in terms of [26] :
As a universal loop contribution, it enters the quantity
6 The superscript in ∆ρ 0 indicates that no left-right mixing is present.
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and all the Z boson widths
and is thus significantly constrained by the data on M W and the leptonic widths.
Chargino/Neutralino sector
The chargino (neutralino) masses and the mixing angles in the gaugino couplings are calculated from µ and the soft breaking parameters M 1 , M 2 in the chargino (neutralino) mass matrix [32] . The chargino 2 × 2 mass matrix is given by
The physical chargino mass statesχ ± i are the rotated wino and charged Higgsino states:
V ij and U ij are unitary chargino mixing matrices obtained from the diagonalization of the mass matrix eq. 27:
The neutralino 4 × 4 mass matrix can be written as:
(30) where the diagonalization can be obtained by the unitary matrix N ij :
The elements U ij , V ij , N ij of the diagonalization matrices enter the couplings of the charginos, neutralinos and sfermions to fermions and gauge bosons, as explicitly given in ref. [32] . Note that our sign convention on the parameter µ is opposite to that of ref. [32] .
Results
The experimental limits included in the fit are summarized in the Z boson into neutralinos is based on reference [34] , the calculation of the ratio R b→sγ on reference [35] . The next-to-leading-log calculations increase the SM prediction for R b→sγ by about 10% to (3.2±0.5)10 −4 [24] . This higher order contribution was taken into account in the first order calculation by choosing the renormalization scale µ = 0.7 · m b .
As discussed in section 2.1, R b depends on stop -, chargino-and Higgs masses. First the behaviour of the chargino masses as a function of the SUSY parameters µ and M 2 is discussed, then the R b dependence on the relevant SUSY masses is studied, both for the low and high tan β scenarios. These studies are followed by the best solutions in the SM and MSSM.
Chargino Masses
In order to explain an enhanced value of R b in the data, the MSSM needs a light right handed stop and light chargino (low tan β scenario), or a light pseudoscalar Higgs A (high tan β scenario) [15] - [23] . A higgsino-like chargino can be obtained for a low value of the parameter µ in the mass matrix (eq. 27). Figs. 4 and 5 show the dependence of the chargino masses on the parameter µ. For high tan β, mχ 2 is almost symmetric around µ = 0, whereas for low tan β this dependence is more complicated, as can be seen from fig. 4 . For M 2 = 3|µ| the light chargino mass passes zero at µ = −40 GeV, so the following low tan β plots were made for µ > −40 GeV and µ ≤ −40 GeV. The asymmetric structure of fig. 4 is reflected in the contours of constant R b in the mχ 2 versus light scalar top mt 2 plane (see fig. 6 ). Values of R b up to 0.2194 are possible (see figs. 6 and 7), although these special regions of the parameter space are already experimentally excluded by the lower limits on sparticle masses.
For M 2 = 3|µ| the lightest chargino is mostly higgsino-like, while the heavier one is gaugino like. Mixing the charginos more by taking M 2 = |µ| does not change these results very much, as can be seen from a comparison of the χ 2 distributions in fig. 8 (M 2 = 3|µ|) and fig. 9 (M 2 = |µ|). The small increase of the χ 2 at chargino masses around 80 GeV in the left hand part of fig. 9 is due to neutralino threshold singularities, for which an additional χ 2 contribution has been added, when the sum of two neutralino masses is close to the Z 0 mass. The sharp increase of the χ 2 function at low chargino masses is due to experimental limits on chargino, neutralino and stop masses from LEP 1.5 [7, 8, 9 ]. Fig. 10 shows the change in the best obtainable χ 2 in the chargino -stop plane. For each value of the lighter scalar top mt 2 and lighter chargino mχ± 2 in a grid of 10×10 points an optimization of m t , α s and the stop mixing angle Φ mix was performed, assuming M 2 = 3|µ| for a fixed value of tan β =1.6. In the next section this assumption on M 2 will be dropped. Low sparticle masses yield a sharp increase in the ∆χ 2 in fig. 10 because of the included mass limits. The minimum χ 2 is obtained for chargino masses above 80 GeV and increases only slowly with increasing sparticle masses. R b increases significantly with decreasing values of the stop and chargino mass, as can be seen from fig. 11 . Much less significant is the change of R c . Within the plane of fig. 11 it changes less than 0.0005 units. The increase of R b must be compensated by a decrease of α s (see fig. 12 ) in order to keep the total Z 0 -width constant. The stop mixing angle Φ mix , shown in fig. 13 , is mainly determined by the CLEO measurement of R b→sγ . The chargino contribution to R b→sγ is proportional to the Higgs mixing parameter µ, which changes its sign for mχ± ≈ 60 GeV (see fig.4 ), so the R b→sγ rate changes rapidly for these chargino masses, as shown in fig. 14.
Low tan β scenario

High tan β scenario
Similar fits can be performed for the high tan β scenario in the pseudoscalar Higgs m A versus light chargino plane. In fig. 15 the resulting change in the χ 2 is given for fixed tan β = 35. For small chargino masses there is a sharp increase in the χ 2 due to the corresponding mass limit, see above. The highest values for R b can be obtained for small values of m A and mχ±, see fig. 16 . As in the low tan β case the enhancement of R b must be compensated by a decrease of α s , see fig. 17 , and the change of R c is small, less than 0.0006 within the given parameter plane. The mixing angle, shown in fig. 18 , is mainly determined by the R b→sγ rate, which can be fitted in the whole m A -mχ± plane, see fig. 19 .
Best Solutions
Standard Model Fits:
The predictions of the SM are completely determined by the set of six input parameters M Z , m t , the SM Higgs mass M h , α s , α EM and G µ . The error of the muon decay constant is so small that G µ can be treated as a fixed parameter. The fine structure constant was taken to be 1/α(M Z ) = 128.89 ± 0.09 [36] . The error on 1/α(M Z ) turns out not to be negligible: fixing 1/α(M Z ) underestimates the error on the Higgs mass by ≈ 30%. The SM predictions were obtained from the ZFITTER package [12] and all the error correlations were taken from [4] . The fits were made with M Z , m t , m H , α s and α as free parameters, which resulted in The minor differences to the results given in [4] originate from the inclusion of the R b→sγ ratio. The electroweak mixing angle can be determined from these parameters:
Both the strong coupling constant and the electroweak mixing angle sin 2 θ M S have been determined at the scale M Z in the MS renormalization scheme. With m t = 175 GeV sin 2 θ M S = sin 2 θ lept ef f to an accuracy better than 0.0001. The quoted errors have been determined using MINOS [14] . Further details of the procedure are described elsewhere, see for example [37, 38] [4] . The correlation parameter between m H and m t for the best fit is approximately 0.7; this strong correlation is shown in fig. 20 . One observes that the upper limit on the Higgs mass is obtained for m t above 175 GeV; however, the upper limit is sensitive to sin figure 21 (by the square and the circle, respectively). The SLD value is excluded by the lower limit of 58.4 GeV from the combined LEP experiments [11] , so more data is eagerly awaited.
The ∆χ 2 dependence of the Higgs mass is shown in fig. 22 for various conditions. Clearly, the sin 2 θ lept ef f from SLD gives a large weight, while the new value from R b plays only in minor role in contrast to the previous value [5] .
MSSM Fits and Comparison with the SM:
In order to obtain the best MSSM fits the assumption M 2 = 3|µ| is dropped and M 2 is treated as a free parameter. As discussed in section 2.1 the dominant contributions vary for the high and the low tan β scenario. The preferred tan β values for these scenarios are around 35 and 1.6, respectively. Since the fit is not very sensitive to the precise tan β value, it was fixed to these values. The fitted MSSM parameters and the corresponding SUSY masses are given in table 3; the predicted values of all observables and their pulls are summarized in table 2. For the MSSM M Z , G µ and α were treated as fixed parameters because of their small errors compared with the uncertainties from the other parameters. The MSSM prediction of the W-boson mass is always higher than the SM one, but the values of the strong coupling constant, the electroweak mixing angle and the top mass are very similar in the MSSM: 2 between SM and MSSM fits is mainly caused by R b , which is better described in the MSSM, although the difference in χ 2 is insufficient to distinguish between the models.
The Higgs mass is not an independent parameter in the MSSM, since the couplings in the Higgs potential are gauge couplings, which limit the mass of the lightest Higgs to a rather narrow range [39] . The high tan β needs a light pseudoscalar Higgs mass. As the lightest Higgs mass is strongly correlated with the pseudoscalar Higgs mass, it is also low. Similar Higgs values in the MSSM model were obtained in ref. [40] .
An interesting point is the fitted value of α s (M Z ). In previous analysis with the high values of R b , α s (M Z ) in the MSSM (≈ 0.11) was always significantly smaller than the SM value(0.123 ± 0.005 [11] ), which supported the low energy values from deep inelastic scattering (DIS) (0.112 ± 0.005 [11] ) and lattice calculations of the heavy quark splittings (0.110±0.006 [11] ). However, the discrepancies between the low energy α s values and the LEP data have practically disappeared at the Warsaw Conference [41] : the Standard Model value (0.120 ± 0.003, see above) is now in agreement with DIS measurements (0.115 ± 0.005 [41] ), lattice calculations 0.117 ± 0.003 [41] and the world average 0.118 ± 0.003 [41] . The MSSM values of α s are in good agreement with these other determinations, as shown in fig. 26 .
The particle spectrum for the best fits, as shown in table 3, suggests that some SUSY particles could be within reach of LEP II. Unfortunately, if the stop-, chargino-and/or Higgs mass are well above the discovery reach of LEP II, the χ 2 of the fit increases at most up to the SM value, since these particles basically decouple as soon as they become heavier than the heaviest SM mass, say the top mass of about 200 GeV. So one cannot get upper limits on these particles, since the probability changes only a few percent between the SM and MSSM.
CMSSM and R b
In the MSSM fits discussed above the lightest stop is mainly right-handed, while the lefthanded stop has to be heavy. If both would be light, then all other squarks would likely be light, which would upset the good agreement between the SM and all other electroweak data. A large mass splitting in the stop sector needs a very artificial fine tuning of the few free parameters in the Constrained MSSM, which assumes unification of gauge and b-τ Yukawa couplings [38] . This is obvious from the sfermion mixing matrix for the stop quarks, eq. 23. The D-terms proportional to cos 2β are negligible for tan β ≈ 1. If one of the diagonal elements is much larger than m t , the off-diagonal terms of the order m t will not cause a mixing and the difference between the left-and right-handed stops has to come from the evolution of the diagonal terms (for the notation see ref. [38] ):
One observes that the difference between left-and right handed stops, denoted byQ 3 andŨ 3 , respectively), depends on the Yukawa couplings for top and bottom (Y t , Y b ) and the trilinear couplings A t(b) . For low tan β Y b is negligible, while A t and Y t are not free parameters, since they go to fixed point solutions [38] . Therefore there is little freedom to adjust these parameters within the CMSSM in order to get a large splitting between the left-and righthanded stops.
In addition, problems arise with electroweak symmetry breaking, since this requires the Higgs mixing parameter µ to be much heavier than the gaugino masses [38] , while R b requires low values of µ for a significant enhancement (since the chargino has to be preferably Higgsino-like). In conclusion, within the CMSSM an enhancement of R b above the SM is practically excluded.
Conclusions
Both the MSSM and SM provide a good description of all electroweak data. The best χ 2 /d.o.f in the MSSM (SM) is 16.6/12 (19.6/15), which corresponds to a probability of 17% (19%). The lower χ 2 of the MSSM is mainly due to the better description of R b , but the fit requires an unnatural large splitting in the stop sector, as discussed in the previous section. Since the final analysis of most of the available LEP data is still in progress, one has to wait and see if the present preliminary value of R b will indeed stay above the SM prediction. Table 2 : Measurements [4] and the predicted results of the fits with minimum χ 2 . The pulls are defined by (measurement -predicted value) / error of the measurement. The second error for R b→sγ has been added to take care of the uncertainty by the renormalization scale used for the calculation of that quantity. For the MSSM fits M Z and 1/α(M Z ) were taken as fixed parameters, because their uncertainties are negligible compared to uncertainties arising from the soft breaking parameters. Leaving them free does not change the results. tanβ=1.6 The data has been taken from [11] and [41] .
Fitted SUSY parameters and masses
Symbol tan β=1.6 tan β=35 m t [GeV] 172 172 α s 0.
